Purpose In the presence of interferon, proteasome subunits are replaced by their inducible counterparts to form an immunoproteasome (IP) plays a key role in generation of antigenic peptides presented by MHC class I molecules, leading to elicitation of a T cellmediated immune response. Although the roles of IP in other cancers, and inflammatory diseases have been extensively studied, its significance in breast cancer is unclear.
Introduction
Triple-negative breast cancers (TNBCs) have a poor prognosis and low survival rate than other subtypes. Until now, no standard targeted treatment for TNBCs is available. Currently, much attention is focused on immunotherapy-related treatments [1] . The effects of conventional breast cancer treatments are partly due to interactions with the immune system. Therefore, improved insight into the connection between the immune system and breast cancer may improve treatments and outcomes.
Proteasomes are multisubunit complexes that degrade intracellular proteins through the ubiquitin-proteasome pathway [2, 3] . In the presence of interferon, the three catalytic  subunits 1, 2, and 5 in the proteasome complex are replaced by proteasome subunit LMP2 (PSMB9)/1i, LMP10 (PSMB10)/2i, and LMP7 (PSMB8)/5i, respectively, to form the immunoproteasome (IP). Subunits 5 and LMP7 perform chymotrypsin-like activity, subunits 1 and LMP2 perform caspase-like activity, and subunits 2 and LMP10 perform trypsin-like activity. However, the substrate-binding pockets of IPs differ from those of proteasome. IPs display an altered cleavage patterns, generating peptides suitable for binding onto a major histocompatibility complex (MHC) class I, facilitating CD8 + T-cell responses [4] . Thus, IPs play a key role for T cell-mediated immunity by contributing antigen epitopes presentation in tumors. Lack of expression or downregulation of an IP may contribute to immune evasion through antigen loss.
We previously demonstrated that elevated endoplasmic reticulum stress in TNBCs triggers release of damage-associated molecular patterns such as HMGB1 and HMGN1, which is known to be associated with attraction of tumorinfiltrating lymphocytes (TILs) to tumor microenvironment [5] [6] [7] [8] [9] . Then TILs can release interferon, which can elevate expression of MHC classes on tumor cells. However, the impact of IP expression on antigen presentation in breast cancer is not well established. In this present study, we evaluated the expression of LMP7 in a consecutive breast cancer and another TNBC tissue series. The higher the LMP7 level was, the higher the TILs were in each subtype of breast cancer. Also in TNBC cohort, higher levels of LMP7 were correlated with higher histologic grades and greater TILs. We also found that LMP7 was a better prognostic factor for diseasefree survival in the group of positive lymph node metastases of the TNBC cohort.
Materials and Methods

Patients and tissue specimens
Two sets of breast cancer samples were used in the current analyses. The first series included 668 consecutive breast cancer patients who underwent surgery for primary breast cancer in 1998 at Asan Medical Center, Seoul, Korea and for whom formalin-fixed, paraffin-embedded tissue samples were available. 
Histological evaluation
The hematoxylin and eosin-stained slides were reviewed by two pathologists (H.J.L. and G.G.). The histologic type of breast cancer was assessed based on the 2012 World Health Organization classification, and the histologic grade of breast cancer was evaluated according to the modified BloomRichardson grading system. The slides were evaluated for the levels of stromal TILs using full sections in 10% increments (if less than 10%, 1%, or 5% level criteria were used) as well as the histologic subtype and grade, pT stage, and pN stage.
Tissue microarray and immunohistochemical analysis
Formalin-fixed, paraffin-embedded tissue samples were arrayed with a tissue-arraying instrument as previously described [10] . Tissue microarray sections were stained with an automatic immunohistochemical staining device (Benchmark XT, Ventana Medical Systems, Tucson, AZ). Antibodies for LMP7 (1:2,000, ab95926, Santa Cruz Biotechnology, Santa positive gene amplification by silver in situ hybridization [12] . The intensity of immunochemical staining was evaluated on a four-value intensity scale (0, 1, 2, and 3). The percentages of membranous and/or cytoplasmic expression were also evaluated. The immunoreactive score was calculated as multiply the product of the intensity by the percentage of positive cells. HLA-ABC expression in tumor cells were categorized as one of three levels, as previously described (strongly positive, expression in more than 75% of tumor cells; weakly positive, expression between 25% and 75% of tumor cells; negative, loss of expression in more than 75% of tumor cells) [13] .
HLA-ABC
The Cancer Genome Atlas data
The Cancer Genome Atlas (TCGA) data portal was used to download breast cancer data [14] . A total of 84 cases of basal-like breast cancer were analyzed. We downloaded level-3 gene expression data derived from an Agilent custom 244K whole genome microarray and somatic mutation data from an Illumina Genomic Analyzer (San Diego, CA). The gene expression level was median-centered by gene.
Statistical analyses
All statistical analyses were carried out using SPSS ver. 18 (SPSS Inc., Chicago, IL) and R statistical software. The Kruskal-Wallis test, chi-squared test, Spearman's correlation, log-rank test, Cox proportional hazards regression model, and hierarchical clustering were used, as appropriate. All tests were two-sided and were done at significance level of =0.05.
Ethical statement
Exemption from informed consent after de-identification of information was approved by the Institutional Review Board of Asan Medical Center (2013-0866).
Results
Clinicopathologic characteristics and correlation with immune-related molecules according to LMP7 expression in the consecutive breast cancer cohort
To determine the histopathologic characteristics of the breast cancers according to LMP7 expression, we analyzed 668 consecutive breast tumor tissues of the first consecutive breast cancer series consisting of 373 HR+/HER2-, 44 HR+/ HER2+, 81 HR-/HER2+, and 190 TNBC tumors (Table 1) . A loss of LMP7 expression in tumor cells was present in 181 cases, while 218 and 269 tumors showed low and high levels of LMP7 expression, respectively (Fig. 1 ). LMP7 expression level was similar in each breast cancer subtype (immunoreactive score: HR+/HER2-, 54.1±64.7; HR+/HER2+, 46.5± 57.9; HR-/HER2+, 50.1±63.5; TNBC, 62.0±67.5). Tumors with high levels of LMP7 expression had more TILs (p  0.041) in all subtypes. Since LMP7 expression was correlated with the level of TILs, we further analyzed the association of LMP7 expression with other factors that were correlated with the level of TILs in previous studies [5] [6] [7] [8] [9] . LMP7 expression in tumor cells was significantly correlated with interferonassociated molecules HLA-ABC (p  0.007) and MxA (p < 0.001, except HR+/HER2+ subtype). Higher expression of endoplasmic reticulum stress-associated molecule p-eIF2a was significantly associated with high level of LMP7 in HR+/HER2-subtype (p=0.008). Cytoplasmic expression of damage associated molecular pattern HMGN1 was higher in tumors with high LMP7 (p=0.01). However, the histologic grade, pT stage, and lymph node metastases were not significantly associated with LMP7 expression. In survival analysis, LMP7 expression was not associated with disease-free survival in all subtypes (HR+/HER2-: p=0.61; hazard ratio, 0.999; 95% confidence interval [CI], 0.996 to 1.002; HR+/ HER2+: p=0.143; hazard ratio, 1.006, 95% CI, 0.998 to 1.013; HR-/HER2+: p=0.307; hazard ratio, 1.003; 95% CI, 0.998 to 
Correlation of LMP7 expression with pathological parameters and expression of immune-related molecules in another TNBC cohort
Since TNBCs are aggressive and considered as appropriate candidates for cancer immunotherapy among breast cancer subtypes, we further analyzed LMP7 expression in another cohort of 681 TNBCs, which had homogeneous standardized adjuvant treatment. The expression of LMP7 was analyzable in 665 cases: 20.6%, 38.6%, and 40.8% of TNBCs showed no, low, and high cytoplasmic expression of LMP7, respectively (Table 2 ). In TNBCs, high LMP7 expression levels were also significantly correlated with a higher histologic grade (p=0.001) and higher TIL level (p < 0.001). However, pT stage (p=0.454) and lymph node metastasis (p=0.116) were not significantly associated with LMP7 expression. LMP7 expression in tumor cells was significantly correlated with interferon-associated molecules such as HLA-ABC (p < 0.001), MxA (p < 0.001), and PKR (p < 0.001) and endoplasmic reticulum stress-associated molecules such as PERK (p=0.012), p-eIF2a (p=0.001), and XBP1 (p < 0.001). Further, LMP expression in tumor cells was significantly correlated with the cytoplasmic expression of damage-associated molecular patterns such as HMGN1 (p < 0.001) and HMGB1 (p < 0.001). These results are likewise presented in the clustering analysis (Fig. 2) .
Prognostic significance of LMP7 expression in the TNBC cohort
Since prognosis and adjuvant chemotherapeutic agents differ according to lymph node metastasis, we analyzed the prognostic significance of LMP7 expression in the TNBC cohort separately in groups with the presence or absence of lymph node metastasis. Patients with higher LMP7 expres- sion showed better disease-free survival outcomes than those with no or little expression of LMP7 in the group of positive lymph node metastases (p=0.041) (Fig. 3) . However, by multivariate analyses, which included histologic grade, pT stage, level of TIL, and LMP7 expression, only the TIL level (p=0.014) ( Table 3 ) was a significantly better prognostic factor in the group. There were no differences among patients with different levels of LMP7 expression in the group without lymph node metastasis (p=0.541).
Correlation of IP and T-cell markers in basal-like of TCGA data hierarchical clustering
Since we only analyzed LMP7, one of three IP subunits, using immunohistochemistry, we further assessed the TCGA data to assess any correlation of IP expression and T-cell infiltration (Table 4) . We also analyzed ordinary proteasome expression. The gene expression of IP subunits (PSMB8, PSMB9, and PSMB10) showed significant correlation with 
Discussion
Cancer cells have increased proteasome levels for rapid cell proliferation. However, studies have shown that IP levels vary depending on the type of cancers [4] . Interestingly, whereas the upregulation of IP expression has been reported in prostate cancer, multiple myeloma, and lung cancer, the Table 3 . Univariate and multivariate disease-free survival analyses in positive lymph node metastases group of TNBC cohort TNBC, triple-negative breast cancer; CI, confidence interval. downregulation of IP expression has been reported in cancers of the colon [15] , kidney, skin, neck, head, and esophagus [16] . Among them, upregulation of IPs is often observed in the cancer types in which the inflammatory process is important in pathogenesis of cancer. On the other hand, abnormal MHC class I expression and the loss of antigen processing are attributes of malignant cells in human and murine models that are associated with the occurrence and progression of melanoma, breast, and colorectal cancers [4] . T cellmediated immune tumor suppression is a complex process with numerous requirements, among which is antigen processing by the IP and presentation through HLA class I surface molecules expressed on tumor cells. The IP genes is regulated by both cell-intrinsic and cell-extrinsic factors in different types of cancer [17] . Rouette et al. [17] found that in breast cancer, the upregulation of IP genes is a cancer cellextrinsic process correlated with the presence of interferon -secreting TILs. The high expression of IP genes correlates with improved survival in patients with breast cancer from TCGA data [17] . We confirmed this finding in our current study using a large number of TNBC patients who received standardized adjuvant treatments. However, LMP7 expression was not a significant prognostic factor in multivariate analysis including level of TIL. This result might be due to close association of LMP7 expression with TILs which is a strong independent prognostic factor in TNBCs. We previously demonstrated associations between TILs, endoplasmic reticulum stress-associated molecules (PERK, p-eIF2, and XBP1), and the release of damage-associated molecular patterns (HMGB1 and HMGN1), which are associated with the activation of interferon pathway [5] [6] [7] [8] 18, 19] . In the present study, we observed a significant association between TIL levels and the expression of the interferonassociated molecules MxA, PKR, HLA-ABC, and LMP7. Therefore, we can speculate that elevated endoplasmic reticulum stress induces the release of damage-associated molecular patterns to the tumor microenvironment, which activates interferon signaling in tumor cells. The elevated interferon signaling in TNBC cells then induces higher activity in the IPs, which might improve antigen presentation and result in the recruitment of TILs to the tumor tissue. We showed from our current analyses also that TNBCs with no LMP7 expression had poorer survival outcomes in those cases with lymph node metastasis, which might be caused by lack of effective antigen presentation in these tumors. However, in the consecutive breast cancer cohort, while LMP7 expression showed positive correlation with level of TILs and expression of HLA-ABC, LMP7 expression was not associated with survival in all subtypes. These results might be caused by different role of immune microenvironment in each subtype of breast cancer or by various treatment modalities given in the consecutive breast cancer cohort. Patients with this cohort had surgery for breast cancer from 1993 to 1998 and received various kinds of adjuvant treatments which were not standardized as treatment of secondary TNBC cohort.
Since proteasomes and IPs have differential preferences for cleavage sites, tumors with a high expression of IPs might have different repertoires of displayed antigens from those with a low expression of IPs. Tumor antigens that are more efficiently or poorly processed by IPs have been identified previously [20] . For example, MAGE-A3, which is a cancertestis antigen, is better processed by cells carrying IPs, while melanoma differentiation antigens such as Melan-A MART1 and gp100
Pmel17 are known to be poorly processed by those cells. Although there has been no study to date that has explored which tumor antigens are more efficiently processed by IPs in breast cancer, there might be some epitopes that are better processed by IPs that are recognized by cytotoxic T lymphocytes better in breast cancers with high expression of IPs. If we could find such peptides that are recognized by the cytotoxic T lymphocyte, we could incorporate these into the design of immunotherapies such as vaccination and the adoptive transfer of T lymphocytes reactive to the epitopes.
The limitations of this study included its retrospective design and the evaluation of LMP7 alone among IP subunits. Further studies should examine other IP subunits and their relationships, and identify tumor epitopes that are better processed by IPs.
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